12. Paraiso KH, Haarberg HE, Wood E et al. The HSP90 inhibitor XL888 overcomes BRAF inhibitor resistance mediated through diverse mechanisms. Background: Pulmonary sarcomatoid carcinomas (SC) are tumors characterized by poor prognosis and resistance to conventional platinum-based chemotherapy. This study sought to describe the mutational profile of SC using highthroughput genotyping technology.
introduction
Over the past few decades, the development of the multiplex assay has enabled us to gain knowledge of specific aberrations in genomes of cancer cells. Genomic profiles are becoming increasingly crucial in the management of nonsmall-cell lung cancer (NSCLC). EGFR and ALK tyrosine kinase inhibitors (TKIs) are associated with improved overall survival rates in EGFRmutated and ALK-rearranged tumors, respectively.
However, targeted therapies primarily benefit adenocarcinoma patients. Pulmonary sarcomatoid carcinomas (SC) are rare tumors, with <3% of NSCLC [1] cases, and defined as a small subgroup of poorly differentiated tumors containing sarcoma-like or sarcoma elements [2] . They are associated with poor prognosis and resistance to conventional platinum-based chemotherapy [3] . The inherent low frequency and histological heterogeneity of these tumors could account for the lack of driver oncogenes that have been reported in this entity. Previous studies reported KRAS mutation frequency reaching 30%, with that of EGFR mutations at 10% [4] [5] [6] [7] . Additional exhaustive genetic testing could help identify new therapeutic targets and develop new therapeutic strategies for managing these tumors.
This study sought to describe the mutational profile of SC using high-throughput genotyping technology. We tested 114 surgical biopsies from 81 patients with SC for activating point mutations or deletions of the main genes known to be altered in adenocarcinomas using mass spectrometry technology. Our results were compared with clinicopathological characteristics and overall survival rates.
methods patients and tissue tumor collection
Tissue samples were obtained from the surgical lung biopsies of 81 consecutive patients with pulmonary SC who had undergone surgery between 2005 and 2012 in four referral thoracic oncology centers.
All samples were taken from archived formalin-fixed paraffin-embedded specimens and were centrally reviewed (MA) in order to confirm a pulmonary SC diagnosis in accordance with the 2004 World Health Organization criteria [2] . The presence of an epithelial component and its subtype (adenocarcinoma, squamous, or large-cell carcinoma) were collected. TTF1 and p63 immunohistochemistry were carried out for all the samples. Only samples exhibiting tumor cellularity >50% were utilized.
In one center, biopsies taken from normal adjacent lung tissue (N = 27) were available and used as negative controls. In some cases (N = 6), tumor tissue samples comprising different histological components were available and used to assess intratumoral heterogeneity.
Full clinical data pertaining to demographics, tumor characteristics, and treatment regimens was extracted from the medical records of each patient. Patients who died before 30 days after surgery were excluded from analysis. According to national guidelines, each patient signed a research-approval form. The samples were collected according to French legislation with the respect of ethical rules.
molecular analysis
Technics are detailed in supplementary Tables S1 and S2 available at Annals of Oncology online. The LungCarta™ mutation panel was applied (Sequenom, San Diego, CA) in order to detect 214 mutations in 26 oncogenes and tumor suppressor genes (supplementary Table S3 , available at Annals of Oncology online). Target genes were selected based on key mutations identified via sequencing discovery studies in lung adenocarcinoma [8] . Mutations were determined using a minimum 10% threshold of the mutant allele peak. Figure S1 , available at Annals of Oncology online).
statistical analysis

somatic alterations
In the total 81 tumors detected, there were 67 distinct somatic alterations identified among the 214 mutations tested (supplementary Table S4, available In 32 tumors (39.5%), two or more mutations co-existed (co-mutated tumors). EGFR, TP53, and PI3KCA mutations were detected along with other mutations in 72.2%, 83.3%, and 100%, respectively. This was higher than rates observed for other mutations. KRAS mutations were found to be mutually exclusive from EGFR mutations (P = 0.019), while EGFR and NOTCH1 mutations were frequently associated with each other (P = 0.033).
KRAS mutations were always found to involve codon 12, with KRAS G12C being the most frequently found (63.6%). Most KRAS mutations (72.7%) were found in tumors with adenocarcinoma component (P < 0.001) (supplementary Figure S2 , available at Annals of Oncology online). Almost all EGFR mutations (16/18, 88.9%) were rare mutations (exons 2, 18, and 20), with G719A mutation the most frequent (55.5%) (supplementary Table S5 , available at Annals of Oncology online). One sample presented complex mutations involving both G719A and insertion exon 20. The two sensitizing EGFR L858R mutations were found in pleomorphic carcinoma with adenocarcinoma component. TP53 mutations were all located within the DNA-binding domain of TP53, yet were very heterogeneous, with TP53 V157F and R273L being revealed as the most frequent, both at 16.7% (N = 3). Six different STK11 mutations were found. For NOTCH1, V1672I was the most frequently detected (N = 3, 75%).
A presence of mutations was not associated with any clinicopathological factors, nor with overall survival (for KaplanMeier curves, see supplementary Figure S3 , available at Annals of Oncology online). After a median follow-up of 22 
adjacent normal lung
No mutation was found in 23 of the 27 samples of the adjacent normal lung (85.2%) ( Table 2 ). In three samples, mutations found in the normal lung tissue were concordant with those found in the tumor. In one sample, an EGFR G719A mutation was detected in the tumor sample, while an EGFR R776H mutation was revealed in the normal adjacent lung. However, after blind central pathological review, this particular sample was described as exhibiting an atypical adenomatous hyperplasia (supplementary Figure S4 , available at Annals of Oncology online). For the other mutations, no KRAS, EGFR, or TP53 mutations were ever found in adjacent normal lung tissues. heterogeneity Different tumor blocks with different pathological SC subtypes for six cases were available for comparison (Table 3) . In these blocks, from one to three mutations were found present in the initial tumor sample. The comparative genomic analysis between the different areas of histological component revealed a 61% concordance rate for all mutations. When the threshold of mutation frequency detection was increased to 20%, the concordance rate reached 91.7%. Almost all mutations harbored in the primary original tumor sample matched the different histological components. In all cases, EGFR and KRAS mutations were found in the different blocks of tumors, regardless of the threshold imposed.
discussion
The multiplex high-throughput analysis of gene mutations in 81 pulmonary SC from four thoracic oncology centers revealed a high rate of mutated tumors (69.1%), which corresponded with a high rate of co-mutated tumors (39.5%). The most frequently detected mutations were KRAS (27.2%), EGFR (22.2%), TP53 (22.2%), STK11 (7.4%), NOTCH1 (4.9%), NRAS (4.9%), and PI3KCA (4.9%).
This constitutes the largest multicenter cohort to date of molecular profiling in these rare tumors. A specialized pathologist conducted the central histological review on surgical samples in accordance with WHO classifications. MassARRAY® technology has already proven to display high sensitivity and specificity for detecting molecular abnormalities in samples composed of <10% tumor cells [9] . One limitation of the study was the predefined panel of oncogenes and tumor suppressor genes, as imposed by the LungCarta™ panel. Other oncogenes that are potentially involved in sarcoma, such as c-kit, were not investigated. Furthermore, only the most commonly known mutations in 26 genes were studied, and other mutations or chromosomal No mutations were found in 23 of the 27 samples of adjacent normal lung. In one sample, an EGFR mutation was observed that differed from that of the tumor area. This sample, however, exhibited an atypical adenomatous hyperplasia on central pathologist review. As described above, EGFR mutations have the potential of being present in early lung preneoplastic lesions, which might favor carcinoma development [10] . In three samples, MET N375S, NOTCH1 V1672I, and STK11 Y272Y mutations were found in both normal adjacent lung and tumor block tissue. One possible hypothesis is that these alterations were single-nucleotide polymorphism. The frequency of MET N375S mutations, as assessed by blood DNA sequencing, did not differ between lung cancer patients and non-cancer controls [11] . Moreover, STK11 Y272Y mutation had been found in lung adenocarcinoma, and not in normal adjacent lung or healthy blood samples [12] . On the other hand, no KRAS, EGFR, or TP53 mutations were ever found in nontumor areas. Given that this was a retrospective study based on surgical tumor biopsies, we were unable to obtain blood samples in order to confirm this hypothesis.
In order to account for tumor heterogeneity, we analyzed samples of different pathological SC subtypes. Despite this histological heterogeneity, we were able to demonstrate a 61% molecular concordance between the samples. When applying a higher cutoff of detection (at least 20% mutated allele/wild-type allele ratio), the concordance rate increased to 91%. This difference proved the inherent difficulty in defining a threshold for mutation detection, and the determination of a clinically significant rate requires further investigation. In contrast, the identification of high percentage of mutated allele present within the same tumor let us hope a good efficiency of the targeted therapies. This high concordance of mutations within the same tumor reinforced the hypothesis of a single cell clone, which is acquired by different, still unknown mechanisms with different histological phenotypes involving epithelial to mesenchymal transition.
Mutations were present in 69.1% of cases, which is higher than expected for other lung neoplasms using same panelimposed mutation analysis and technology. The rate was 57% in a Western Europe cohort of 139 nonsquamous-cell carcinomas [13] and 44.5% in a French cohort of 382 NSCLC (230 adenocarcinomas and 152 squamous-cell carcinomas) [14] . Of note, squamous-cell carcinoma cases were not included in their cohort, which could have led to an increase in the rate of mutations, since the LungCarta® Panel was designed based on key mutations identified in adenocarcinoma.
Moreover, the rate of co-mutated tumors (39.5%) in SC cases was compared with the 17.8% rate found in nonsquamous-cell carcinoma of the Tan et al. cohort [13] , and to the 8.4% found in the French NSCLC cohort [14] . This high rate of co-mutated tumors may represent a specific characteristic of SC. These results are in line with the high rate of smoker patients in this population [15] . KRAS mutations (72%) were, in fact, transversions, contrary to the transitions described in never-smoker patients [16] .
EGFR mutation was revealed in 18 patients (22.2%), though only two exhibited EGFR-sensitizing mutations (2.5%) identified in exon 21 (L858R). These were both found in male smokers with pleomorphic carcinoma with adenocarcinoma component. In the literature, a few cases with EGFR-sensitizing mutations have been treated by EGFR TKIs, providing minimal benefit (four cases with activating EGFR mutations were described, with two reported as stable disease and two partial response). Progressionfree survival did not reach 5 months in three of these patients [17] [18] [19] [20] . Of the EGFR mutations, we found rare mutations (exon 2, 18, or 20) in 89% of the SC cases. This rate of rare EGFR mutations was higher than those previously reported. In a large European cohort of 1047 EGFR-mutated tumors, rare mutations were detected in 10% of cases [21] . However, rare mutations were not routinely detected. Using the same panel-imposed mutation analysis and technology, rare EGFR mutations were found in between 32.7% and 37.5% of NSCLC cases [13, 14] . We found almost-rare EGFR mutations located in exon 18. Interestingly, as in SC, exon 18 mutations were associated with tobacco use and male gender [21] . Finally, all the rare mutations we found were confirmed by means of an alternative technique. This high rate of rare EGFR mutations (25%) has been already described in SC in a series of 32 Chinese patients [22] . The impact of these rare mutations remains unclear in terms of sensitivity to EGFR TKI [21, 23] . However, when a rare mutation is observed in an NSCLC not otherwise specified, immunohistochemical analysis should be carried out in order to investigate a sarcomatoid component especially in a small biopsy.
Globally, despite SC having a unique histological appearance, their molecular signature might be similar to smokers' lung adenocarcinomas with high frequency of KRAS G12C mutations and rare EGFR mutations. These rare tumors should be treated as smokers' lung adenocarcinomas.
Our results demonstrated high mutation rates and frequent co-mutations in SC, probably related to genetic instability caused by tobacco exposure. These tumors exhibited relative molecular homogeneity, as shown by the analyses of different tumor sites, regardless of different histological components. EGFR TKI requires prudent evaluation owing to the associated high rate of rare EGFR mutations. Afatinib or neratinib could be active in lung tumors harboring rare EGFR mutations, such as G719X [24] . Now with the advantage of newly developed therapies targeted against KRAS, PIK3CA, BRAF, and NRAS, patients with SC should be screened for molecular alterations, as they could be eligible for clinical trials. 
